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Artic{e history: The complexity of higher eukaryote genomes is far from being explained by linear information. There is
Received 3 July 2018 a need to understand roles of genome regulation at the organism level through defining a comprehen-
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sive profile of chromosomal organization. Chromosome conformation capture (3C)-based studies reveal
that higher-order of chromatin include not only long-range chromatin loops, but also compartments and
topologically associating domains as the basis of genome structure and functions. However, the molecu-
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Keywords: lar machinery how the genome is spatially organized is still inadequate. Exciting progress has been made
S;\Irlg;\?;lt;n loop with the development of today’s technology, we find that heterogeneous nuclear ribonucleoprotein U,
Compartment initially identified as a structural nuclear protein, plays important role in three-dimensional (3D) genome
Transcription organization by high-throughput assays. The disruption of this protein not only results in compartment
Mitosis switching on of the genome, it also reduces of TAD boundary strengths at borders between two types
of compartments, and regulates chromatin loop by decrease its intensities. In addition, HNRNPU mainly
binds to active chromatin. Most of HNRNPU peaks is consistent with CTCF or RAD21.1t also plays an irre-
placeable role in the processes of mitosis. This review aims to discuss the role of HNRNPU in maintaining
the 3D chromatin architecture, as well as the recent development and human diseases involved in this
nuclear matrix (NM)-associated protein.
© 2018 Published by Elsevier Ltd.
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1. Introduction transcriptional signaling, and cell proliferation and function [1-5].
Its structure determines function of RNA, protein, or entire DNA
The eukaryotic genome functions as a complex, folded, three- genome. The higher-order chromatin structure is formed and main-
dimensional (3D) environment, responsible for genome stability, tained with architectural proteins, such as the CCCTC-binding factor
(CTCF) and cohesion [6]. CTCF is a universally expressed zinc finger
protein, functions in transcriptional activation, repression, repli-
* Corresponding author. cation, recombination, and splicing [7], and is required for the
E-mail address: Xiangdong.wang@clintransmed.org (X. Wang). recruitment of cohesin to chromatin [8]. Cohesin as a large ring-
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Fig. 1. HNRNPU located in chromatin1 q44 region, this region contains three genes, FAM36 A, C10ORF199, and HNRNPU. HNRNPU contains five regions. (a)HNRNPU and BRG1
are localize in the nucleus of mES cells and their interaction is required for global Pol Il regulated transcription. Furthermore, both SAF-A and BRG1 have been reported to
interact with actin and DNA topoisomerase II3. Actin and HNRNPU form a complex that plays a regulatory role in the initiation of transcription [87]. The RGG domain of
HNRNPU could association with both topo II3 and the endogenous RNA [46,88]. (b) SAF-A could interacts with the C-terminal region of endogenous RNA polymerase Il and
SAF-A exist in complexes with transcription factors sex determining region Y-box 2 (Sox2), Octamer-binding protein 4 (Oct4) and STAT3 in ES cells. Then HNRNPU can recruit
unphosphorylated RNA pol II to start Oct4 transcription. Further it continues to interact with the phosphorylated RNA pol Il to process the transcription elongation of nascent

mRNA [43].

shaped molecule can bind to DNA strands to regulate the sister
chromatid cohesion for proper chromosome segregation [9]. Other
proteins, e.g. zinc finger143 [10], transcription activator Brahma-
related Gene 1(BRG1) [11], and Runt-related transcription factor 1
[12], are also found to play roles in the regulation of chromatin
interactions. In the inner and peripheral nuclear matrix, one of
the nuclear matrix associated proteins, the heterogeneous nuclear
ribonucleoprotein U (HNRNPU), is known as scaffold attachment
factor A (SAF-A), as an abundant component of HNRNP particles.

HNRNPU links specific DNA elements, binds to scaffold/matrix
attachment region, and is involved in the composition of higher
order chromatin structure [13]. Such multifunctional protein plays
avitalrole in the recruitment of XISTRNA in inactive X chromosome
[14] and a specific role in 3D genome organization by decompacting
chromatin, rather than other HNRNP members [15]. In the present
article, we overview the characteristics of HNRNPU and its role in
maintaining the 3D genome structure, as well as recent develop-
ments in this regard.

2. HNRNPU biology

HNRNPU is also named SAFA, HNRPU, SAF-A, pp120, EIEE54,
GRIP120, hnRNP U; HNRNPU-AS1. HNRNPU protein is encoded by
the HNRNPU gene located on chromosome 1q44 [16], two differen-
tially polyadenylated mRNAs. HNRNPU belongs to the subfamily of
heterogeneous nuclear ribonucleoproteins (hnRNPs), to bind RNA,
form complexes with heterogeneous nuclear RNA, and contribute
to the processing of heterogeneous nuclear RNA to mRNA [17].
In addition, those proteins also contribute to pre-mRNA packag-
ing and processing in the nucleus as well as mRNA metabolism
and transport. hnRNPs are present in the nucleus, while some may
shuttle between the nucleus and the cytoplasm [18].

HNRNPU is an abundant nucleoplasmic phosphoprotein about
120kDa, as the largest one of hnRNP proteins [19]. Of 160 amino
acids in the N-terminal of the HNRNPU protein, the most are
acidic, e.g. aspartic and glutamic acid, while 112 amino acids in
the C-terminal, are particularly rich with glycine responsible for
RNA binding. Such glycine-rich RNA binding domain (U-gly) can

be further localized to 26 amino acids to form a group of RGG
repeats domain of RNA-binding [20], and possess an ATP-binding
AAA* domain to promote the assembly. HNRNPU has five con-
served domains, of which SAF/Acinus/PIAS (SAP) motif possess DNA
binding activity, the adjacent region is an inherently unstructured
peptide loop, SPla and RYanodine receptor (SPRY) of unknown func-
tion, AAA* domain, and RGG RNA-binding domain [15] (Fig. 1).

In the nucleus, HNRNPU is mainly involved in transcription and
splicing process [21], as described in Fig. 1. The transcription can
up-regulate HNRNPU, while the deficiency of HNRNPU has little
effect on nascent RNA or steady-state RNA levels [15]. HNRNPU
plays a central role in maintaining normal interphase structure of
chromatin and is considered as a key target for apoptotic protease
[22]. At the early stage of apoptosis, the signal of HNRNPU appears
regular network in the nuclei, and then the HNRNPU connection
with chromatin disappears completely [23] (Fig. 2). HNRNPU binds
DNA to RNA of the same sequence as an attachment factor link-
ing specific DNA elements, binding to scaffold/matrix attachment
region [13]. HNRNPU is a bifunctional protein, of which one is
pre-mRNA packaging and the other is involved in higher order orga-
nization of chromatin. About half of the HNRNPU is structurally
fixed in the nucleus by a tight and stable pattern binding to the
nuclear scaffold [24], while the other half is equally distributed
between a soluble population and a DNase I extractable popula-
tion [13]. The purified HNRNPU protein has two isoforms on basis
of primary structure, of which both can bind RNA and link to single-
stranded and double-stranded DNA [25].

3. HNRNPU regulates chromatin compartments

The whole genome is divided into A and B spatial compartments,
associated with either open and expression-active chromatin or
closed and expression-inactive chromatin, respectively [26]. The
“A” compartment is often gene-rich, possesses high GC-contents,
and is located in the center of nucleus, while the “B” com-
partment is relatively gene-poor, compacted and located around
the periphery of nuclear. Both are consisted mostly of lamina-
associating domains and contain late replication origins. Using
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Fig. 2. Actinomycin D (ActD) can imitate the process of transcriptional arrest-induced nucleolar segregation. B23 is a nucleolar protein involved in many cellular activities,
which located in the nucleus, whereas HNRNPU and hnRNPAT1 are mainly in the nucleoplasm. ActD can promote the interaction of these three in the cytoplasm to become
B23-HNRNPU-HNRNPA1 complex which can resist the apoptosis induced by nuclear stress, and such complex are regulated by HNRNPU-bound mRNAs for example Bcl-xL
mRNA. Besides this kind of apoptosis is different from the apoptosis mediated by mitochondria. During apoptosis process, HNRNPU is cleaved by caspase-3 at a noncanonical
cleavage site. Moreover, the protein proteolysis of HNRNPU seems to promote the destruction of the peripheral nuclear lamina. At the early stage of apoptosis, the signal of
HNRNPU appears regular network in the nuclei, and then the HNRNPU connection with chromatin disappears completely.

super-resolution microscope [27] and single cell Hi-C [28], com-
partments A and B are found as relatively stable physical structures
in individual cells. The in situ Hi-C assay is used to produce high-
resolution interaction maps and analyze the impact of HNRNPU
on chromatin interactions [29]. In the HNRNPU depleted cells,
the inter-compartment interactions between A and B apprecia-
bly increased, while the interactions of compartments between
A and A or B and B significantly reduced. The interaction in the
intra-compartment appreciably increased in the A compartments,
while decreased in the B compartments. It indicates that HNRNPU
plays an important role in remodels of long-range interactions
at the compartment level, e.g. between chromatin-chromatin and
chromatin-lamina. The switching of A-to-B compartments can
increase the interaction of chromatin-lamina and reduce gene
expression, while the switching of B-to-A compartment shows
oppositely [30].

4. Regulatory roles of HNRNPU
4.1. TAD

A topologically associating domain (TAD) is a self-interacting
genomic domain, of which the three-dimensional chromosome
structure is present in mammalian, plants, fungi, or bacteria [31]. A
number of proteins are involved in the formation of TAD, including
the CCCTC-binding factor and the complex cohesin [32]. Insu-
lated neighborhoods, DNA loops, formed by CTCF/cohesin-bound
regions, are proposed to functionally underlie TADs [33]. TAD
boundaries were divided into three parts within compartment A
or B, or between A and B. Most boundaries of TAD are located at
the borders of A and B compartments and down-regulated when
HNRNPU is depleted [30]. HNRNPU regulates TAD boundaries and
TAD interactions in a compartment-specific and dependent way at
the edges of compartments observed by Hi-C contact map.

4.2. CTCF and RAD21

CCCTC-binding factor (CTCF) is considered to be the most
important participant in linking genome organization with gene
expression and interacts with specific DNA sequences and many
other architectural proteins, e.g cohesin [34]. Thus, CTCF can reg-

ulate DNA looping, serve as a transcriptional repressor, activator,
and insulator at self-interacting domain boundaries and anchor the
chromatin to the nuclear lamina [35]. CTCF and RAD21 are compo-
nents of cohesin complex, and located in nucleus with HNRNPU.
HNRNPU mainly connects with active chromatin, during which
80% of HNRNPU consistently binds with CTCF or RAD21, respec-
tively. Furthermore, co-immunoprecipitation evidences that those
three components are interlinked [30], although it remains unclear
whether the correlation is direct or indirect.

4.3. Chromatin loops

Chromatin loops is the first level of nuclear organization
involved in chromosomal folding and brought DNA regions on lin-
ear chromosome into close contacts together in three-dimensional
space [36]. In higher eukaryotes, distal enhancer elements are
important in the regulation of gene expression [37]. The enhancer
function model is proposed that the enhancer and its target pro-
moter are in direct contact with each other in space [38]. Recent
studies demonstrate that each enhancer affects a variety of promot-
ers, between which there is a complex network relationship [39].
The gene expression and enhancer-promoter interaction appear
in the regulation of higher-order 3D chromatin characterized by
multi-scale interaction networks [40]. Long-range chromatin loops
play an important role in connecting enhancers and promoters, as
well as insulating chromatin domains [30].

HNRNPU as scaffold attachment factor A is one of the main scaf-
fold attachment region DNA-binding proteins in human cells, and
related to the nuclear architecture via fastening chromatin loops
to a proteinaceous nuclear skeleton [41]. Because of the complex
regional structure, HNRNPU can be combined with DNA, including
satellite DNA, and scaffold/matrix attachment DNA sequences, and
RNA. HNRNPU is involved in higher order chromatin structure on
basis of its high affinity for several homologous and heterologous
scaffold/matrix attachment components. This is also a prerequi-
site for the formation of chromatin loops in the in vivo system
[13]. Purified HNRNPU and scaffold/matrix attachment compo-
nent can reconstruct looped structures [42] (Fig. 3). The overall
advantages of chromatin loops decreased in HNRNPU-depleted
cells. HNRNPU regulates chromatin loops and interphases chro-
mosome structure via oligomerization. Lack of HNRNPU can cause
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Fig. 3. About 25% of enhancer-promoter pairs are within a 50-kb range, and about 57% range 100 kb or larger genomic distance. (a) In some cases, enhancers and promoters
interact before binding to signal-dependent transcription factors. In general, (b) a distal enhancer has at least one active promoter, or possibly two or more active promoters
to form miniloops favored by many dispersed enhancer elements. Interestingly, (c) there are some active genes that do not react to any distal enhancer which is unnecessary
to direct enhancer-promoter contact. CTCF maintains topologically associated domains with cohesion, and subdomains regulate the formation of chromatin loop, which are
supported by two CTCF binding sites. (d) Interaction between CTCF binding sites and adjacent enhancers promotes functional interaction between enhancers and promoters.

chromosomal instability in this phase [15]. HNRNPU interacts
with chromatin-associated RNAs through its RGG domain, which
relies on HNRNPU's AAA* ATPase region. Such specific region
can mediate cycles of HNRNPU oligomerization with chromatin-
associated RNAs by binding RNA with ATP binding and hydrolyzing
ATP. HNRNPU oligomerizes via ATP binding in vivo, to assembly
and disassembly regulate the large-scale chromatin structure in a
transcription-dependent manner [15]. HNRNPU creates transcrip-
tionally active chromatin loops by binding RNA and DNA [43], and
interacts with gene promotors by the regulation of many factors.

4.4. Transcriptions

Transcriptional state determines three-dimensional chromatin
organization of most eukaryotes [44], where HNRNPU plays an
important role in the process of transcription especially the pro-
cesses of initiation and elongation. The endogenous HNRNPU may
regulate the function of transcription factor, Octamer-binding
protein 4 expression (Oct4), via binding the Octamer-binding pro-
tein 4 proximal promoter in embryonic stem cells [45]. HNRNPU
could interact with the C-terminal domain of endogenous RNA
polymerase Il which is characterized with un-phosphorylation of C-
terminal domain during initiation. The complex between HNRNPU
and RNA pol II with a phosphorylated C-terminal domain can be
formed in transcription elongation. Furthermore, HNRNPU also
forms the complex with other transcription factors, including sex
determining region Y-box 2 (Sox2), Oct4, or STAT3, which can
be down-regulated due to lack of HNRNPU (Fig. 1). In addition,
HNRNPU interacts with endogenous BRG1 protein in stem cells on
the existence of mRNA. Such interaction between both is continu-
ous during cell differentiation and regulates global transcription of
RNA pol II, even though the exact mechanism is not clear [46]. Dur-
ing the transcriptional elongation in vivo, BRG1 helps RNA pol Il to
overcome nucleosomal barrier by binding with acetylated histone
[47]. HNRNPU needs to interact with BRG1 for RNA polymerase
Il regulated transcription. BRG1 as a chromatin-modifying factor
could regulate DNase I sensitivity, H3ac, and H3K4me2 methy-
lation at both sites and contribute to chromatin loop formation,
nucleosome remodeling, and transcriptional activation of the alpha
globin locus [48]. HNRNPU can control a network of genes, e.g.

Oct4, Nanog, and KIf2, at the phase of transcription initiation and
elongation [49].

5. HNRNPU roles in mitosis

HNRNPU is located in spindles, spindle midzone and cytoplas-
mic bridge during mitosis, while mainly exists in the nucleus at
interphase. HNRNPU begins to be relocated on spindle micro-
tubules, when cells enter the phase of mitosis, while on the mitotic
spindle at metaphase. HNRNPU is also found in the spindle midzone
and eventually gathered in the cytoplasmic bridge at anaphase and
telophase, respectively [50] (Fig. 4). HNRNPU has three types of
positioning on the metaphase plates: outside the chromosomes,
on the surface of the chromosome arms, probably scaffold/matrix
attachment region DNA elements, and in the centromere region
where it specifically binds to the satellite DNA [23].

HNRNPU contributes to the attachment of spindle microtubules
to kinetochores and spindle organization [50] to form the com-
plex which interacts with chromosome peripheral nucleolin and
the spindle regulators, e.g. Aurora kinase A (Aurora-A) and Tar-
geting protein for Xklp2 (TPX2) to further form a larger complex.
During the formation of the complex, HNRNPU recruits Aurora-A to
the mitotic spindle microtubules in Aurora-A- or TPX2-dependent
patterns. It was evidenced by the fact that HNRNPU was largely
disassociated from spindle microtubules due to lack of TPX2 or
Aurora-A. HNRNPU is colocalized with TPX2 and Aurora-A as spin-
dle regulators in spindle poles and microtubules to control the
mitotic process, chromosome alignment, and spindle assembly
[50] (Fig. 5). The centromere protein-W as an inner kinetochore
plate formed a functional kinetochore complex with centromere
protein-T. HNRNPU can increase the stabilities of centromere
protein-W and T via binding the C-terminus domain. The pres-
ence of total RNA or mRNA in eukaryotic cells is the precondition
of centromere protein-W-HNRNPU complex formation, of which
both are mainly allocated in the nuclear matrix region and at the
microtubule-kinetochore interface during interphase and mitosis,
and can interact during mitosis [51]. HNRNPU can be phospho-
rylated or dephosphorylated by polo-like kinase 1 and protein
phosphatase 2 A for mitosis [52]. The mutation of HNRNPU gene on
serine 59 could produce a number of abnormal mitoses, contain-



L. Zhang et al. / Seminars in Cell & Developmental Biology 90 (2019) 161-167 165

Simple cell cycle

|nterphase
- nucleus
cytoplasmic E
bridge g e O
ud/
[

anaphase

.
%s | HNRNPU

V
| la—
-

spindle microtubule

— . . .
® & — mitotic spindle

Fig. 4. In the cell cycle, HNRNPU present in different positions at different time. At interphase, HNRNPU was mainly existed in the nucleus. At prophase, HNRNPU begins to
locate on spindle microtubules. And then it is located in the mitotic spindle. At anaphase and telophase, HNRNPU found in the spindle midzone and eventually gathered in

the cytoplasmic bridge, respectively.
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Fig. 5. Under normal circumstances, HNRNPU is present in spindles, spindle midzone and cytoplasmic bridge. In the prometaphase, the kinetochoresare distributed on the
mitotic spindle. while, in HNRNPU depleted cells, the presence of kinetochores often outside the spindle. There are two kinds of chromosomal congression abnormalities
in HNRNPU- depleted cells: misalignment and non-alignment. In the first defect phenotype, less than ten chromosomes are outside the spindle, while other chromosomes
aligned at the spindle equator. In the another case, more than ten chromosomes are distributed outside the spindle. Furthermore, HNRNPU as a novel spindle regulator
which could interact with other spindle regulators including Aurora-A and TPX2 during kinetochore-spindle microtubules attachment and mitotic spindle organization. In
addition, centromere protein -W associate with HNRNPU also play critical role in the phase of kinetochore-microtubule attachment.

ing misaligned chromosomes, lagging chromosomes, polylobed
nuclei, or delayed passage through mitosis [53]. Any abnormality
of HNRNPU phosphorylation and dephosphorylation of can result
in the pathogenesis during mitosis [54].

6. HNRNP-associated diseases

The family members of HNRNPs play the critical role in the
enhance or splicing repression of RNA [55] and in the maintenance
of cellar homeostasis in physiological and pathophysiological con-
ditions, e.g. cancer or neurodegenerative diseases [56]. HNRNPU
is normally expressed in the fetal brain, adult heart, kidney, liver,
brain, and cerebellum [57], so humans de novo mutations or
microdeletions of HNRNPU gene could lead to the development
of brain disorders [58,59]. Preclinical studies demonstrated that
1q44 deletions of HNRNPU could induce the irregulation of embry-

onic brain development [60]. The 1q44 region contains FAM36 A,
C10RF199, and HNRNPU [16], of which the microdeletions could
lead to the clinical features of intellectual disability, seizures, cor-
pus callosum abnormalities, or microcephaly in patients [57,60,61].
It is still questioned which of FAM36 A, C1ORF199, and HNRNPU
causes the corresponding clinical phenotypes and phenomes. The
mutations of HNRNPU were found to represent early onset epilepsy
and severe intellectual disability, evidenced by the finding that the
non-sense variant, missense variant, intragenic deletion, and dupli-
cation of HNRNPU were correlated with main pathological changes
[62]. In such findings were proved in seven patients with HNRNPU
mutations, despite of the limited number of patients [63].

The mutation of HNRNPU is also proposed to contribute to
the carcinogenesis and cancer development. For example, hep-
aranase enhancer RNA promotes cancer development via driving
chromatin looping and regulating the HNRNPU complex and binds
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to HNRNPU through its RGG domain [73]. After then, HNRNPU
protein indispensable for heparanase enhancer RNA facilitated
heparanase transcription in cancer cells [64]. The long non-
coding RNAs regulates cell cycle regulation, survival, cheomothrapy
response, and various biological processes [65-68]. For example,
SFTA1P, a pseudogene derived from long non-coding RNA could
bind with HNRNPU, upregulating HNRNPU activity and increas-
ing cell sensitivity to cisplatin. Moreover, HNRNPU can enhance
the expression of growth arrest and DNA-damage-inducible pro-
tein GADD45 alpha by stabilizing mRNA [69]. GADD45 is involved
in the repair of DNA damage and promotes apoptosis [70]. The
SFTA1P-HNRNPU-GADDA45 alpha pathway can increase the sensi-
tivity of lung squamous cell carcinoma to chemotherapy. It should
be seriously considered about the role of HNRNPU in disease, as
therapeutic targets or diagnostic biomarkers. More studies need to
define the HNRNPU specify of disease types, severities, durations,
and responses to drugs, as characterized for clinical application
[71-82].

7. Conclusion

HNRNPU is the member of hnRNP subfamily to bind RNA. The
present article overviews the biological role of HNRNPU in the
regulation of chromatin architectures, such as TADs, chromatin
loops, and compartments. HNRNPU acts as a major regulator of
3D genome gathered with CTCF and RAD21. The abnormality of
HNRNPU can condense the chromatin, switch the compartment, or
decrease TAD boundary strengths and chromatin loop intensities.
The major role of HNRNPU in higher-order chromatin organi-
zation depends on transcription and chromatin-associated RNAs
through specific or non-specific binding. HNRNPU also interacts
with long non-noncoding RNAs, including Xist, Firre, LincGET, or
Blen1 [83-86], regulate chromatin interactions in specific regions.
The IncRNA-dependent role of HNRNPU in genome organization
at specific sites need to be furthermore clarified. HNRNPU play a
critical role in attaching of spindle microtubules to kinetochores
and spindle organization in the process of mitosis as well as in the
development of genome reorganizations in diseases. It is also possi-
ble that HNRNPU contribute to the formation of disease phenomes
and cell injury. Although a large number of factors are involved in
the regulation of HNRNPU, the specific regulatory mechanisms of
HNRNPU-associated pathology remain unclear and will benefit the
understanding of disease development.
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